Introduction
Fluorescent lamps are increasingly being used for general lighting due to their higher energy efficiency than incandescent lamps. It is estimated that lighting consumes about 19 % of the global electricity production, of which about 62 % is consumed by fluorescent lamps (FLs) [1] . In addition, with the phasing out of incandescent lamps in several countries, such as China [2] , America and Australia [3] , the popularity of FLs is rising. Furthermore, China is one of the largest FLs consuming and producing countries in the world. In 2011, domestic production of compact fluorescent lamps(CFLs) in china accounted for over 80% of the world's production [4] . Therefore, it is increasingly important to investigate the environmental performance of FLs at Chinese conditions. So far, a few of studies have been performed to analyze the environmental impacts of FLs using life cycle thinking and methodology. Quirk [5] investigated the full life-cycle costs and benefits of using a 13 W CFL and 6 W LED as compared to a less efficient 60 W incandescent lamp. The study found that CFL and LED lamp were roughly four times more efficient than incandescent lamps. The OSRAM [6] evaluated the environmental impacts of a 40 W incandescent, 8 W CFL and 8 W LED lamp, and it is concluded that current LED lamps, as of 2009, are comparable to CFLs of life-cycle energy, and both provide significant energy savings compared to incandescent lamps. Navigant Consulting Europe Ltd. [7] conducted an LCA comparing a variety of lighting products, including a 12 W LED, 23 W CFL. 28 W linear fluorescent lamp(LFL) and 100 W incandescent lamp, and determined the environmental impacts to resources, soil, air and water. The United States Department of Energy (DOE) [8] has published reports on the energy analysis and life cycle environmental impacts of associated with a LED and comparing those to a CFL and an incandescent lamp. Most previous studies focus on the comparative of CFLs, LED and incandescent lamps. Previous estimates have found that fluorescent lamps and LED result in a clearly lower environmental impact than incandescent lamps, and the use phase is the main contributor to impacts. However, these studies are not evaluating environmental impacts of FLs considering of Chinese conditions. The use and disposal stages are modelled by the developed countries though it is assumed that lamps are produced in China in some analyses. For example, Ramroth [3] provides an evaluation of the environment impacts of 13 Watt CFL and an equivalent 60 Watt incandescent lamp, and it is assumed both lamps were made in China and then shipped to the US. There is an increasing need to analyze the environmental impacts of FLs at Chinese conditions. This study compares the environmental impacts of compact fluorescent lamps and linear fluorescent lamps from their manufacture to the final disposal phase at Chinese conditions. The goal is to determine the life cycle stages and material and energy inputs that cause the greatest impacts. The results allow for a better understanding of environmental impacts characteristics of FLs and help policy makers and customers take informed decision.
Methods
Life cycle assessment(LCA) is scientific methodology that enables researchers to quantify and provide a comprehensive view of the environmental impacts of a product across a range of categories for a product over its entire life cycle. The LCA is conducted according to the international standards ISO 14040 (2006) and ISO 14044 (2006) [9, 10] . An LCA study is composed of four steps -goal and scope definition, inventory analysis, impact assessment and interpretation.
Goal and scope definition
The goal of this LCA is to determine which of the two domestic lighting technologies examined has the better environmental performance and investigate the greatest environmental burden over their life cycle stages, material and energy inputs. In addition, how sensitive the environmental impacts are to the life of the luminaire and to the energy mix of the use stage is determined. A cradle to grave approach has been taken up for the study including the manufacturing, distribution, use, and end-of-life stages of the lamps. The life cycle of the four stages is shown in Fig. 1 .
The lamps selected were a 15 w CFL and a 28w T5 FL. Functional unit selected for this study was 62 million lumen-hours of lighting service, which is approximately representative of total light output of a 28w T5 FL over its lifetime. And it is equal to 8 times of the CFL to provide light throughout its stated life. EBalance software have been used to model different processes in the life cycle of the two lighting technologies, which is a LCA software developed by China. EcoInvent and Chinese Life Cycle Database(CLCD) Database were used as databases. CLCD is a database based on Chinese conditions, which can be on behalf of the average Chinese market.
Figure 1 Life-cycle stages of lamps

Inventory analysis
During this phase, all flows of the materials, energy and the waste associated with the function unit are identified and quantified.
Raw material production. This stage accounts for the emissions and resource usage associated with the production of the various raw materials that go into the final product and their transportation to the manufacturing point. The data for the inventory analysis were collected from [7, 8] . The Table  1 -2 provide a list of all the raw materials that are assumed used in the CFL and LFL. Most of the FL manufacturers have located in the southeast provinces, such as Zhejiang, Guangdong and Jiangsu accounting for more than 87% of the production in China [11] . Therefore, the electricity generation during the production was chosen as the mix of southeast in China.
Manufacturing. The manufacturing phase takes all of the raw materials defined above, as delivered to the point of production, and accounts for the energies used and emissions associated with fabricating the final product. The manufacturing activities are based on the assembly of LCD screen.
Distribution. Distribution stage includes the transport from the manufacturer site to the place it is used, and it is estimated to be 1,800 km by lorry within China. In addition, packaging is taken into account. For the CFL, the lamp itself weighs 153 g and the card-stock packaging was measured at 81 g, taken together the lamp inside the box totals approximately 234 g [8] . For the LFL, the lamp weighs about 1.88 kg and taken with the packaging is 1.895 kg [7] .
Use. It is assumed that there is no diminishing performance during the lifetimes of lamps, so the power consumption and light emitted per watt are constant. It is also assumed that the luminaire systems would be powered by average Chinese electricity.
End of life. In the end-of-life phase detailed processes for disposal, recycling and landfill as municipal solid waste are taken into account. Waste management of spent FLs has not received sufficient attention in China, and most of spent FLs are discarded as household waste. The available data on FLs recycling in China is absence and China is a developing country, so the recycling rate is assumed and applied as 5% [12] . The remaining FLs are assumed to be disposed to be landfilled. In addition to the lamps itself, the fate of its packaging is also considered. 80% of cardboard boxes are assumed to be recycled, and the other 20% landfilled.
Impact assessment
The environmental impact is estimated for the 7 environmental impact categories, are provided in Table 3 . Fig. 2 Proportions of the life cycle assessment results for the CFL As is presented in Table 4 and Fig. 2 , the proportion of impact attributable to energy in use is particularly high for the CFL, except for the ADP and EP, of the other impacts energy in use constitutes more than 50% over the lifetime of the lamp. The next most significant stage of the assessment is the raw materials, especially in GWP and EP, accounting for more than 90%. Manufacturing is the third most significant step in the LCA. The remaining two LCA steps -disposal and transport. Transportation was found to be virtually negligible, even though the lamps in their packaging have traveled over 1800 kilometers from factory to home. Fig. 3 Proportions of the life cycle assessment results for the LFL For the LFL, as is shown in Table 5 and Fig. 3 , the largest contributor to environmental impacts is energy, which represents at most 99% of the impact (for Water Use) and at least 35% (for ADP). The next most significant stage of the LCA is the raw materials, with ADP being the most impacted with 60% overall. Manufacturing is the third most impactful step in the LCA, with an impact of approximately 5% in ADP and EP. The remaining two LCA steps -disposal and transport -constitute less than 1% respectively. As with the CFL, the impact associated with transport was found to be virtually negligible, even though the packaged CFLs travel over 1800 kilometers from factory to home. The Table 6 presents the environmental impacts for each of the lamp types of the function unit. It is clearly that LFL has lower impacts than CFLs with the functional unit of 672 million lumen-hours of light. For both lamps, the greatest negative impact is in the use phase, when electricity for the running of the lamp is used. The impacts in distribution and disposal phase are insignificant. For GWP, the LFL lamp represents a 41% reduction over the CFL lamp for equivalent lighting service. For Water Use, the LFL offers a 30% reduction over the CFL. Fig. 4 Sensitivity analysis of use phase with China and EU electricity mix for the CFL A sensitivity analysis has been performed on the use phase of the alternative lighting technologies by changing the Chinese electricity mix to average European electricity mix. As is shown in Fig. 4 , when the use was modelled by using the European mix, the GWP during the use phase for a CFL are decreasing from 120.242 kg CO 2 -eq to 70.850 kg CO 2 -eq, decreasing by 41.10%. While for the LFL, the GWP are changing from 673.358 CO 2 -eq to 396.759 CO 2 -eq, reducing by 41.08%. However, the waste solids category in the European electricity mix has higher value than that in Chinese mix. It clearly indicates that with the change of electricity mix, the trends are similar across the two lighting technologies.
Conclusions
This study compared the environmental impacts of two lighting systems in China -compact fluorescent lamps and linear fluorescent lamps -throughout the life cycle. All the materials, energy use and pollutant emissions to the environment from each process were analyzed.
It was identified that the greatest negative impact of both kinds of lamps is in the use phase, when electricity for the running of the lamp is used. Impact caused by distribution can be neglected. The results showed that the disposal phase had nearly no impact from the total life cycle point of view. However, considering of cleaner energy production and mercury contained of FLs, the significance of disposal phase is increasing. Raw material production of CFLs is dominant in most of the categories, far more than LFL, especially in AP. CFLs have the comparable impacts with LFLs in the distribution phase. As for the use phase, the impacts of CFLs are 1.2 times higher than LFL in all of the categories. In general, LFL is a better source of the light from an environmental point of view than CFLs. It is expected the results can help policy makers and customers take informed decision.
